. According to the Rome III consensus, FD is divided into 2 subgroups: epigastric pain syndrome (EPS) and postprandial distress syndrome (PDS). Although multiple mechanisms of FD pathogenesis have been suggested, its underlying etiology and pharmacological therapy remain unclear. Ghrelin is a gut-derived peptide found in the stomach. It plays a role in the regulation of gastric motility and appetite. The ghrelin gene encodes 3 molecular forms, acyl ghrelin, desacyl ghrelin and obestatin. Acyl ghrelin acts as an endogenous ligand for growth hormone secretagogue receptor; furthermore, it is orexigenic, with effects on food intake, energy homeostasis and gastrointestinal motility. Des-acyl ghrelin exerts an opposite effect to acyl ghrelin. Obestatin exerts an inhibitory effect on the motor activity of the antrum and duodenum in fed animals. These peptides exert differential effects on gut motility and food intake. The therapeutic potential of ghrelin has attracted attention due to its varied bioactivities. Certain studies have shown that total ghrelin levels are significantly lower in patients with FD compared with healthy volunteers and that the acyl ghrelin levels of patients with FD are higher compared with healthy volunteers. However, a recent study demonstrated that acyl ghrelin levels in patients with PDS were lower compared with healthy volunteers; the association between FD and other ghrelin family gene products also remains unclear. Although certain studies have demonstrated the beneficial effects of acyl ghrelin administration and its agonist in patients with FD, only a few clinical reports exist.
Introduction
Functional dyspepsia (FD) is regarded as a functional gastrointestinal disorder (FGID), but it is a heterogeneous disorder (1) . Although FD is divided into 2 major subgroups, epigastric pain syndrome (EPS) and postprandial distress syndrome (PDS) (2) , up to half of the patients with FD present with an overlap of both PDS and EPS (3) . Multiple pathogenic mechanisms have been proposed for FD, but its underlying etiology remains unclear, and its pharmacological therapy is also poorly understood.
It is known that hormones of the brain-gut axis are involved in the regulation of gut motility. Motilin, cholecystokinin (CCK), glucose-dependent insulinotropic peptide (GIP), glucagon like peptide-1 (GLP-1), peptide YY (PYY) and ghrelin are major gut hormones, and pharmacological therapy with certain hormones of the brain-gut axis are considered a novel treatment for FGID. In particular, ghrelin, which exhibits a variety of bioactivities, has attracted attention as a novel therapeutic drug.
Ghrelin, a 28-amino acid peptide hormone with structural resemblance to motilin, was originally discovered in the endocrine X/A-like cells of the gastric mucosa in rats and humans (4) . The ghrelin gene consists of 4 exons and 3 introns, and ghrelin exists in 2 major molecular forms: acyl ghrelin, which has an n-octanoylated serine at position 3 (Ser 3 ) and des-acyl ghrelin, which lacks n-octanoylation (5-7). The third ghrelin gene product, obestatin, which is a 23-amino acid
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peptide and was identified in the rat stomach, was found by comparative genomic analysis (8, 9) . Ghrelin is also detectable in the hypothalamus, intestine, pituitary gland, placenta, salivary gland, as well as other tissues (4, 8, (10) (11) (12) . Acylation at Ser 3 is essential for the binding of ghrelin to growth hormone (GH) secretagogue-receptor (GHS-R)-1 and is catalyzed by ghrelin O-acyltransferase (GOAT) (13) . Acyl ghrelin plays an important role in the stimulating the appetite, it regulates energy homeostasis and affects gastrointestinal motor activity, emptying (9, (14) (15) (16) and gastric acid secretion (17, 18) . It also suppresses inflammation (8, 9, (18) (19) (20) (21) .
On the basis of this wide range of physiological functions, clinical trials of the efficacy of exogenous acyl ghrelin as a novel therapy have been performed in several disorders, including anorexia (22) , cachexia (23, 24) , FD (25) and malnutrition with gastroparesis (26) . The aim of the present review was to provide an overview of the effects of ghrelin on FD, as well as to elucidate its pharmacological potential.
Functional dyspepsia
FD is characterized by one or more of 4 chronic symptoms, including epigastric pain or burning, postprandial fullness and early satiety in the absence of any known organic, systemic, or metabolic disease. According to the Rome III consensus, FD has been further subclassified into PDS and EPS (27) . Although multiple pathogenic mechanisms are involved, patients with FD do not show evidence of organic disease in the upper digestive tract when examined by endoscopy or computed tomography (28) . According to the Rome III criteria, FD symptoms must be present for at least 3 months prior to diagnosis, and a recent study revealed that the prevalence of FD in Japanese adults according to the Rome III criteria was 6.5% (29) . However, the Rome III classification of FD is based on patient symptoms and the symptoms of patients with FD are not stable; thus, biochemical correlates of symptoms are extremely difficult to establish. According to the health insurance system in Japan, few dyspepsia patients wait 3 months prior to seeking medical care. Therefore, in the study by Miwa (28) , it was estimated that the actual prevalence of FD in Japanese adults approaches 20-30%.
FD refers to symptoms centered in the upper abdominal region. Some putative mechanisms have been suggested, involving biological interplay along the brain-gut axis according to the development of symptoms, including genetics, Helicobacter pylori (H. pylori) infection, visceral hypersensitivity, abnormal gastric acid secretion, abnormal gastroduodenal motility, autonomic/central nervous system (CNS) dysfunction, multiple psychosocial morbidities, depression and anxiety, as well as the effects of social stress (1, (30) (31) (32) (33) .
It has previously been reported that G-protein β3 subunit gene polymorphism is associated with FD (34) . It has also been suggested that the serotonin transporter gene polymorphism, 5-hydroxytryptamine transporter gene linked polymorphic region (5-HTTLPR), affects susceptibility to PDS (35) . These data suggest that the genetic factor may play a significant role in the development of FD. Residual inflammation following gastrointestinal infection is also known to increase the likelihood of developing FD, as demonstrated by a cohort study (36) .
Association between H. pylori infection and FD. As regards the role of acute gastrointestinal (GI) infection and genetic susceptibility (37) , certain studies in Western and Japanese populations have suggested that H. pylori infection is unlikely to influence the prevalence of FD (38, 39) , and other studies have shown that H. pylori infection does not affect the overall prevalence of symptoms, gastric sensorimotor function, gastric sensitivity and the accommodation of the stomach to meals in patients with FD (40, 41) . On the other hand, it has been reported that acid secretion, which is affected by infection with H. pylori, is associated with dyspeptic symptoms (42) . A meta-analysis in China demonstrated that the association between H. pylori eradication and FD improvement is significant (43) . A Cochrane review reported that the eradication of H. pylori in some patients with FD had a small but statistically significant long-term effect on symptom relief when compared with the placebo (44, 45) . Moreover, a recent review also supported that H. pylori eradication improved symptoms in patients with FD, although certain studies only evaluated patients at 1 month (46). Thus, as regards H. pylori infection, opinion remains divided, although a recent consensus has suggested that if H. pylori infection is regarded as gastritis, an organic disease, then H. pylori associated dyspepsia should not be considered a functional disorder (47) .
Association between stress and FD. Gastric hypersensitivity has been associated with symptoms of postprandial pain, belching and weight loss (48) , although other studies have failed to demonstrate these associations (49, 50) . A recent study suggested that gastric hypersensitivity is greater in patients with FD with a traumatic stress in early life than in the control patients with FD (33) . Stress responses are mediated by stimulation of the hypothalamus-pituitary-adrenal (HPA) axis (51) . In the hypothalamic paraventricular nucleus (PVN), stress induces the secretion of corticotropin-releasing factor (CRF), which stimulates the secretion of adrenocorticotropic hormone (ACTH) through the corticotrophs of the anterior pituitary (52) . Moreover, ACTH induces the secretion of cortisol (53) . The CRF system consists of 4 ligands: CRF, urocortin (UCN)-1, -2 and -3, and 2 G-protein-coupled receptors (GPCR), CRF-receptor 1 (CRF-R1) and CRF-R2, as well as a secreted CRF binding protein (CRF-BP) (54, 55) . The CRF-R1 system regulates anxiety via the HPA axis. CRF-R2 is involved in regulation of upper GI motility and CRF-R1 is involved in regulation of colonic motility (56) (57) (58) . A history of abuse, both physical and sexual, has been associated with alterations in gastric sensorimotor function and impaired gastric empting in patients with FD (33) . In animal experiments, it has been shown that maternal separation during the neonatal period is a powerful stress inducer that results in increased visceral sensation and plasma corticosterone levels (59) . When repeated doses of strong electric shock were administered to neonatal mice, their hippocampal glial cells became necrotic and this incuded the migration of stem cells from the bone marrow to the hippocampus (60) . Thus, traumatic stress and noxious stimuli in early life may lead to serious neuroplastic alterations in the HPA and in the descending pathways that modulate spinal nociceptive transmission, as well as in the CNS (61) . Moreover, such neuroplastic changes can occur in spinal ascending neurons receiving synaptic input from the gastrointestinal organs (central sensitization) and in the brain (supraspinal pain modulation), but also in primary sensory afferent terminals (peripheral sensitization) (61) . These alterations in the processing of sensory information are considered mechanisms of visceral hypersensitivity (61) .
Although several factors have been implicated in the pathophysiology of FD, the underlying pathogenesis of FD remains unclear and warrants further investigation. A schematic model illustrating the suggested pathogeneis of FD is presented in Fig. 1 .
Effect of ghrelin on gastrointestinal motility via the braingut axis
The derangement of plasma ghrelin family protein levels may affect gut motility regulation in patients with FD. Fasting total ghrelin levels may assist with the evaluation of the pathophysiology of FD. In addition, acyl ghrelin levels have been associated with gastric emptying (62, 63) , and delayed gastric emptying has been associated with postprandial fullness and severe early satiety in patients with FD (64) . In this section, we elucidate the neural transmission mechanisms of each of the 3 ghrelin gene products as they act on gastrointestinal or gastroduodenal motility.
Acyl ghrelin. Acyl ghrelin has various functions in the stimulation of GH secretion through GHS-R and in the regulation of food intake, energy homeostasis, insulin secretion, as well as glucose and lipid metabolism. Acyl ghrelin functions in the gastrointestinal system, the cardiovascular system and the immune system (8) . Acyl ghrelin is the only ghrelin hormone with an orexigenic effect following peripheral administration (65) . Acyl ghrelin induces the gastric phase III of the migrating motor complex and the gastric emptying of solids in healthy human volunteers (15) . Studies conducting experiments on rats in the fed state, have shown that the intracerebroventricular (ICV) and intravenous (IV) administration of acyl ghrelin induces phase III-like contractions of the antrum and the duodenum in the fasted state and increases the percentage motor index (%MI) of the antrum (66) . This fasted motor activity of the gastrointestinal tract has been considered to be a mechanical cleansing of the stomach and the intestines in preparation for the next meal. Truncal vagotomy blocked the effects of the ICV administration of acyl ghrelin on antral and duodenal motility (66) . Therefore, a vagal pathway may mediate the influence of centrally administrated ghrelin on gastroduodenal motility. Acyl ghrelin induces fasted motor activity in the gastrointestinal tract by the activation of neuropeptide Y (NPY) neurons in the hypothalamus via both central pathways and a vago-vagal reflex (12) . The effects of the IV administration of acyl ghrelin were not altered by the ICV administration of GHS-R antagonist in a vagotomized rat model. Acyl ghrelin acts via the GHS-R of vagal afferent fibers in the stomach (14) that transmit the signal to the nucleus of the solitary tract (NTS). The information from the NTS is projected to the arcuate nucleus (ARC) of the hypothalamus, where the NPY neurons are activated. The NPY Y2 and/or Y4 receptors in the CNS may be involved in upper gastrointestinal motility as Y2 and Y4 receptor agonists can induce phase III-like contractions in the duodenum when administered to animals in the fed state (67,68). The signal from the ARC is finally transmitted to the dorsal motor nucleus of the vagus nerve [dorsal vagal complex (DVC)] and via vagal efferent fibers, and fasted motor activity is induced in the gut (69) . Evidence suggests that acyl ghrelin may potentially be used as an exogenous prokinetic agent for the treatment of slow transit in the upper gastrointestinal tract (70) .
Des-acyl ghrelin. Des-acyl ghrelin exerts opposite effects to acyl ghrelin on food intake and gastrointestinal motility (71) . Two separate studies have shown that transgenic mice with an overexpression of des-acyl ghrelin exhibited a decrease in body weight (71, 72) . The intracisternal (IC) and peripheral administration of des-acyl ghrelin have been shown to significantly decrease food intake in food-deprived mice and delay gastric emptying (73, 74) , and des-acyl ghrelin has been shown to inhibit the orexigenic effect of acyl ghrelin (75) . Moreover, des-acyl ghrelin abolishes the effects of acyl ghrelin on the secretion of pancreatic hormone (76) .
The ICV and IV administration of des-acyl ghrelin has been shown to disrupt fasted motility in the antrum but does not alter the fed duodenum in conscious rats, and does not alter fed motor activity in either the antrum or the duodenum (74) . The IV administration of des-acyl ghrelin increases neuronal c-fos expression in the ARC and in the PVN of the hypothalamus, but not in the NTS. It has been suggested that des-acyl ghrelin is involved in the regulation of motor activity in the stomach and crosses the blood-brain barrier (BBB) (77), but not through the activation of vagal afferent pathways (71) .
Changes in gastric motility induced by the IV administration of des-acyl ghrelin are antagonized by the ICV administration of a selective CRF-R2 antagonist, but are not affected by CRF-R1 antagonist (74) . It has been suggested that des-acyl ghrelin directly activates neurons in the PVN and exerts inhibitory effects on antral motility via CRF-R2, but not CRF-R1 (74) . CRF and the endogenous CRF receptor ligand, UCN, are feeding-inhibitory peptides localized at the PVN in the hypothalamus (78) . UCN binds both CRF-R1 and CRF-R2. CRF-R2 is involved in stress-induced alterations in GI function (79) . The ICV and IV administration of UCN has been shown to disrupt fasted motor activity in both antrum and duodenum, which show fed-like motor patterns (80) . Therefore, des-acyl ghrelin may effect the stress-induced alteration of GI function.
Obestatin. Although obestatin was initially reported to be an endogenous ligand for the orphan G protein coupled receptor GPR39 (81), a number of studies have reported the non-specific binding of obestatin to various types of GPR39-expressing cells (82) (83) (84) . In contrast to des-acyl ghrelin, the effects of obestatin on food intake are controversial (71, 74, 85, 86) . The IV administration of obestatin decreases the %MI in the antrum and prolongs the time before the return of fasted motility in the duodenum (87); obestatin also inhibits gastroduodenal motility in the fed state but not in the fasted state of conscious rats (87) . The IV administration of obestatin has been shown to induce c-fos expression in the PVN of the hypothalamus, and immunofluorescence overlap staining has shown that PVN neurons containing CRF and UCN-2 are activated by the IV administration of obestatin (87) . The inhibitory effect of the IV administration of obestatin on the motor activities in the antrum and duodenum is blocked by the ICV administration of CRF-R1 and CRF-R2 antagonists (87) . Treatment with capsaicin has been shown to block the effects of obestatin on duodenal motility but not on antral motility (87) . It has been shown that obestatin fails to antagonize the ability of acyl ghrelin to stimulate gastroduodenal motility (87) . These results suggest that obestatin inhibits motor activity in the antrum and duodenum in the fed state and that both CRF-R1 and CRF-R2 receptors in the brain may be involved in the effects of obestatin on gastroduodenal motility. Moreover, vagal afferent pathways may be partially, but not entirely, involved (87) .
The distinct effects of each of the 3 ghrelin gene products on gastrointestinal motility via the brain-gut axis are summarized in Fig. 2. 
Alterations in plasma ghrelin levels of patients with FD
Two studies found that fasting total ghrelin levels were significantly lower in patients with FD compared with healthy volunteers (63, 88) . Furthermore, these studies showed a signifi- Figure 2 . Effects of acyl ghrelin, des-acyl ghrelin, and obestatin via the brain-gut axis. Acyl ghrelin affects the growth hormone secretagogue-receptor (GHS-R) in vagal afferent nerve fibers in the stomach, which transmits the signal to the nucleus of the solitary tract (NTS). The signal from the NTS is activated by neuropeptide Y (NPY) neurons projected on the arcuate nucleus (ARC) of the hypothalamus. This signal is finally transmitted to the dorsal vagal complex (DVC) via vagal efferent fibers, and fasted motility is induced in the stomach. Des-acyl ghrelin directly activates neurons in the paraventricular nucleus (PVN) through the blood-brain barrier (BBB). This signal is transmitted to the DVC via the corticotropin-releasing factor (CRF) type 2 receptor, which may exert inhibitory effects on antral motility. Des-acyl ghrelin may disrupt fasted motility in the antrum through vagal efferent signaling in the DVC. Obestatin may act at least in part on GPR39 receptors in vagal afferent nerve fibers in the stomach that transmit this signal to the NTS. The signal from the NTS is activated and projected to the CRF and urocortin neurons on the PVN of the hypothalamus. This signal is transmitted to the DVC via CRF type 1 and 2 receptors. Finally, this signal may inhibit motor activity in the antrum and duodenum. The dotted line shows hypothetical correlations.
cant decrease in the total ghrelin concentration that was evident postprandially in the controls but was absent in the patients with FD (63,88). Nishizawa et al (89) showed that the total ghrelin levels in patients with FD categorized by the gastrointestinal symptom rating scale (GSRS) score positively correlated with the indigestion scores.
Two independent studies also demonstrated that plasma acyl ghrelin levels correlated with a subjective symptom score in female patients with FD (89,90), and Nishizawa et al (89) further demonstrated that plasma acyl ghrelin levels were significantly higher in patients with FD compared with healthy volunteers. However, the study by Shinomiya et al (90) indicated that plasma acyl ghrelin levels were not significantly different between patients with FD and the controls, and another recent study indicated that plasma acyl ghrelin levels were significantly lower in patients with PDS compared with healthy volunteers, and the T max value, which is a marker of gastric emptying using a 13 C acetate breath test, was significantly higher in patients with PDS compared with healthy volunteers (62) . Moreover, this study demonstrated that only patients with PDS showed a significant inverse correlation between plasma acyl ghrelin levels and T max values (62) .
Although the results presented in the study by Kim et al (91) leave room for doubt as they focused only on 2 patients, the fasting plasma acyl ghrelin levels of the 2 patients with EPS were lower than the postprandial plasma acyl ghrelin levels. It is important to gather clinical data on patients with EPS as no general statement can be obtained from this study.
Takamori et al (88) reported that fasting des-acyl ghrelin levels were significantly lower in patients with FD compared with the controls, but Shinomiya et al (90) showed that desacyl ghrelin levels were not significantly different between patients with FD and the controls.
It has been reported that the ratio of acyl ghrelin to desacyl ghrelin (A/D ratio) also positively correlates with acyl ghrelin levels between patients with FD and the controls (90). Takamori et al (88) also suggested that A/D ghrelin ratios were significantly higher in patients with FD compared with the controls. Therefore, the A/D ratio may be an important signal for the evaluation of the pathophysiology of FD. However, the role of this ratio in clinical studies has not yet been established. Further mechanistic studies are required.
Studies that have assessed total ghrelin, acyl ghrelin and des-acyl ghrelin levels in patients with FD have produced conflicting results, as patients with FD present with a variety of symptoms. This variability may contribute to the different results in each study. As a result, there may be little evidence of a clearly defined role of ghrelin in FD. However, since acyl ghrelin affects gastrointestinal motor activity and emptying (9, 16) , acyl ghrelin may be more closely associated with PDS than EPS. Similarly, other forms of ghrelin may also be associated with FD. Therefore, it is important that patients are divided into groups based on their symptoms when evaluating the role of ghrelin in FD. The association between ghrelin and FD is summarized in Table I .
Clinical potential of acyl ghrelin as a novel therapy for FD
Although few clinical reports are available on the administration of acyl ghrelin to patients with FD (25), it is anticipated that acyl ghrelin may be effective in relieving the symptoms of FD. As previously reported, repeated IV infusions of acyl ghrelin (3 µg/kg) twice a day to patients with FD for 2 weeks tends to increase daily food intake by approximately 30%, and hunger sensation has been shown to be significantly enhanced at the end of this course of therapy (25) . Increased food intake was maintained even 1 week following the termination of treatment. In addition, ulimorelin (TZP-101), which is an acyl ghrelin receptor agonist, has been shown to relieve upper gastrointestinal symptoms and accelerate gastric emptying in diabetic patients with gastroparesis in a randomized clinical trial (26) . These results demonstrate the therapeutic potential of acyl ghrelin, including its agonists or antagonists.
Similarly, serotonin [5-hydroxytryptamine (5-HT)] released from enterochromaffin cells of the duodenal mucosa mediates intestinal phase III-like contractions via 5-HT4 receptors in conscious rats (92) . A randomized, double-blinded, placebocontrolled, crossover study revealed that the 5-HT1A receptor agonist, buspirone, significantly reduced the overall severity of symptoms of FD and the individual symptoms of postprandial fullness, early satiation and upper abdominal bloating. A 5-HT1A receptor agonist did not alter the rate of gastric emptying of solids or the sensitivity to gastric distention, but significantly increased gastric accommodation, whereas gastric emptying of liquids was delayed (93) . An experimental study on conscious rats showed that mosapride citrate (mosapride), which is a prokinetic agent with 5-HT4 receptor agonistic activity, inhibited gastric distension-induced visceromotor response (VMR) along with blockage of 5-HT3 receptors by a mosapride metabolite (94, 95) . In addition, a recent clinical trial showed that the orexigenic effect of rikkunshito, a traditional Japanese medicine, is involved in the stimulation of acyl ghrelin secretion by blocking the 5-HT2B/2C receptor pathway and enhancing GHS-R activity (96) ; another recent randomized controlled trial showed that the administration of rikkunshito to patients with FD for 4 weeks improved upper gastrointestinal symptoms, which was accompanied by an increase in the levels of acyl ghrelin (97) . Thus, rikkunshito may be another therapeutic agent, leading to the stimulation of acyl ghrelin secretion by inhibiting the effects of 5-HT in patients with FD. It has been shown that the oral administration of rikkunshito enhances the plasma levels of acyl-ghrelin without exerting significant effects on the plasma levels of desacyl ghrelin, leading to an increase in the A/D ratio in rats (98) . Furthermore, in a study on humans, the plasma levels of acylghrelin and the A/D ratio significantly increased following the administration of rikkunshito, whereas the plasma levels of des-acyl ghrelin showed a decreasing trend (99) .
These results support the therapeutic potential of acyl ghrelin in patients with FD. However, the long-term effects and side-effects of peptide hormone therapies have not yet been elucidated. Thus, further mechanistic studies are required to confirm the therapeutic potential of acyl ghrelin in the treatment of FD.
Conclusion
In conclusion, in our review, we summarize the association between ghrelin and FD. FD involves abnormal gastric motility and visceral hypersensitivity, as well as multiple psychiatric and individual factors. Ghrelin is a novel gastric hormone that is recognized as a mediator of GH release. Our review presents the various physiological functions of ghrelin, that have been discovered over the past decade. In addition, the data presented in this review indicate that acyl ghrelin plays a role in the regulation of food intake and gut motility. Therefore, acyl ghrelin may contribute to the improvement of FD symptoms. Future studies on the clinical application of acyl ghrelin in patients with FD are required to fully elucidate its role in FD.
